ABSTRACT This paper presents a robust position tracking control scheme for underwater vehicles moving in a vertical plane. The idea comes from the demand of underwater position tracking control for the newly borne Trans-media Aerial Underwater Vehicle (TMAUV). Although position control of a TMAUV is still within the scope of autonomous underwater vehicles (AUVs) control, it has new features. An underwater reference path for the TMAUV could be characterized by a strong maneuver that many assumptions in the conventional AUV controller design could not be employed. In this paper, a Lyapunov-based backstepping controller is developed for a nonlinear coupled input system releasing all constraints on the pitch angle, heave velocity, and angular velocity. Furthermore, neural networks and parameter estimation are employed to develop a robust controller in the presence of model uncertainties, parameter uncertainties, and external disturbances. This paper also solves the problem of adaptive estimation for the system parameters under the coupled input condition. Simulations are presented to demonstrate the feasibility and effectiveness.
I. INTRODUCTION
Tracking control of AUVs is an attractive research for a wide range of applications. For simplify, the six degree of freedom dynamic model was usually decoupled into two systems: a plane-yaw model and a depth-pitch model. Controller design for the horizontal plane were widely investigated with little assumptions using Lyapunov method [1] , [2] , neural networks (NN) [3] , [4] and fuzzy control [5] , [6] . However, researches for the vertical plane were studied under many assumptions. The diving dynamic model was often reduced to a certain multivariable linear system with two assumptions as in [7] and [8] . One assumption was that the pitch angle was very small and the other was that the heave velocity was small enough which could be neglected. Linear control methods were employed for depth control in those literatures. Nevertheless, model and parameter uncertainties could not be dealt well with. On the basis of linear model, NN [9] and sliding mode [10] , [11] were employed to address the uncertainties. However, the two assumptions were strict in the strong maneuver condition which could induce large tracking errors and could further cause system instability in many
The associate editor coordinating the review of this manuscript and approving it for publication was Ding Zhai. practical applications. These factors restricted AUV to track simple references such as straight lines or low frequency sinewaves. The small pitch angle assumption was removed in [12] using Maclaurin expansion of sine terms. It relaxed the pitch angle constraint and expanded the operating range. But the vehicle could not take free pitch motion because higher-order terms were neglected. Furthermore, Guo proposed a controller achieving free pitch motion through a simple modification [13] . However, the heave velocity was neglected in those literatures and the diving dynamic model was regarded as a signal-input signal-output (SISO) system. Then the multi-input multi-output (MIMO) diving model was investigated in [14] with the heave velocity considered. The proposed controller could accomplish depth tracking and pitch angle tracking keeping all signals uniformly ultimately boundedness.
The idea of this paper comes from the demand of underwater position tracking control for the newly borne TMAUV [15] , [16] which can fly in the air, navigate underwater and cross the air-water surface repeatedly. Schematic illustration of the water-exit process is presented in Fig.1 . The folded-wings shape of the TMAUV is similar with an AUV and it is accelerated underwater to achieve sufficient speed. Then it gets out of water relying on the inertia and deploys wings to fly. Cotroller design for AUVs always focused on depth tracking as presented above. Constraints such as constant surge velocity, zero sway velocity and small pitch angle, are limited for underwater position tracking control of AUV and TMAUV characterized by strong maneuver.
In this paper, Lyapunov-based backstepping method is employed to develop controllers. The method was widely used in the control of mobile robots, aerial vehicles and underwater vehicles. Nonetheless, controller design processes were different for those three problems because of the difference in the dynamics. For mobile robots [17] - [19] , movement was restricted on the ground and the body-fixed frame coincided with the wind-axes frame. Dynamic models were usually developed in the wind-axes frame for aerial vehicles while that of underwater vehicles in the body-fixed frame. It is because forces of aerial vehicles and underwater vehicles are more convenient expressed in the corresponding frames, respectively. As a result, position errors of underwater vehicles in the inertial frame were transformed into the bodyfixed frame [1] . Then the backstepping method was done in feedback loops. Inertial position errors of aerial vehicles were transformed skillfully, with only two components of the 3-Dimensional position transformed to a transitional coordinate [20] . Also, intermediate virtual control vectors were different as shown in Fig.2 . Synthesizing those controller design techniques, this paper contributes an underwater position tracking control scheme. A Lyapunov-based backstepping controller is developed releasing all the constraints on the pitch angle, heave velocity and angular velocity. Furthermore, NN and parameter estimation are employed to develop a robust controller in the presence of model uncertainties, parameter uncertainties and external disturbances. It also solves the problem of adaptive estimation for system parameters under coupled input condition.
II. PROBLEM FORMULATION
An inertial frame and a body-fixed frame are defined to present planar motions. (x, z, θ) T denote the AUV's position and the pitch angle in the inertial frame. u, ω and q denote the surge, heave and pitch velocities, respectively. δ b and δ s are deflections of the bow and stern surfaces. m and X uprop denote the mass and thrust, respectively. The diving dynamic model can be written as [21] 
where
Coriolis, centripetal forces and hydrodynamic damping terms are grouped as
The variables X .. , Z .. , M .. represent the dynamic derivative coefficients in the vertical plane. I yy denotes the moments of inertia of the AUV.
The vehicle is driven by thrust and two pairs of fins including bow fins and stern fins. The fin deflections δ b , δ s are coupled inputs for the heave and pitch dynamics as shown in (3). Control inputs of the AUV are described as
A diving path to be tracked by the center of mass (CM) of the AUV is given as a time function of the inertial variables (x R (t), z R (t)) T where the subscript ''R'' indicates a reference variable (see Fig.3 ). Time dependence notation is omitted in the following paper for simplify. The magnitude of the velocity vector v p of a point P on the reference path at time t is described as v p = ẋ 2 R +ż 2 R . The direction of v p is defined by the angle β = − tan −1 (ż R /ẋ R ). u R , ω R are the body-fixed reference velocities. Then, thxe magnitude of the velocity vector at CM in {B} is v AUV ,R = u 2 R + ω 2 R . v AUV ,R must be tangent to the reference path when tracking the vertical planar path. Then θ d differs from β by some angle γ which is expressed as γ = tan −1 (ω R /u R ). The following geometric conditions must hold when the AUV tracks the path
Motivated by the literatures [2] , [22] , a desired pitch angle θ d is introduced to show the instantaneous posture of the AUV better, described as
where θ d completely depends on the desired trajectory.
III. CONTROL SCHEME
In this section, a Lyapunov-based backstepping controller is firstly developed. Then adaptive NN and parameter estimation are employed to address parameter uncertainties [9] , model uncertainties and external disturbances [23] to develop a robust controller.
A. LYAPUNOV-BASED BACKSTEPPING CONTROLLER DESIGN
We first define position tracking errors in the inertial frame as
Transforming the position tracking errors (6) into the bodyfixed frame yields
which implies
We define θ e = θ − θ d to describe the AUV's attitude with respect to the direction of the reference path. Then derivatives of position tracking errors are presented aṡ
To achieve position tracking, a candidate Lyapunov function is designed as
Take derivative of V along with the solutions of (9)
As presented in (11), u could be no doubt taken as a virtual control for e x while ω and v p sin θ e could be both taken for e z . However, there is no direct thrust input inω but only coupled fin inputs. If ω is taken as a virtual control, extreme saturations would occur in fin deflections when e z is a little big. If the fin deflections are limited to preventing the saturations, it would not be efficient. The time to reach the desired position could become very long. So α = v p sin θ e is employed as a virtual control for e z . We elaborately design a candidate Lyapunov function as
Take derivative of V 1 along with the solutions of (9)
The desired virtual controls u d and α d are designed as
where k 1 and k 2 are positive constants. Considering that u d and α d are virtual controls, the errors u andα are defined as
Substituting (14) and (15) into (13), one yieldṡ
Augment V 1 to V 2 withũ,α included
Take derivative of V 2 along with (15) (16)
Then the desired virtual control q d is defined as
where k 5 is a positive constant.
2 and substitute (20) into iṫ
To makeV 3 negative, the following equations should be obtained (22) where k 3 , k 4 and k 6 are positive constants. Now the real controls X uprop , δ b , δ s are designed to achieve (22) . By substituting (22) into (1) and ignoring the disturbances, the real controls could be obtained as
A is invertible ∀u = 0, andu,ω,q in (23) have been calculated in (22) . (20) could be obtained with first-order filters which are widely used [3] 
Taking (22) (23) into (21) results iṅ
Then we prove that all error signals of the closed-loop system are semi-globally uniformly ultimately bounded.
Define the filter errors of (24) as
Take derivatives of (26) (27)
A candidate Lyapunov function is designed as
Take derivative of (28) along with (25) (27)
, 4 are chosen to be positive constants, we havė
Remark 1: Since δ * 1 is bounded, it is proved that all error signals are uniformly ultimately bounded. The positive parameters k i , τ * j (i = 1, 2, ..6, j = 1, 2, 3, 4) provide a guideline for designers that increasing k i , τ * j would increase η 1 , subsequently reduce the upper bound of the errors δ * 1 η 1 .
Remark 2:
The dynamic model in (1) could be reduced down to that in [14] with the constant surge velocity constraint and to that in [12] with the constant surge velocity and zero heave velocity constraints. It could be further reduced down to that in [7] with the constant surge velocity, zero heave velocity and small pitch angle constraints. Furthermore, there is no need for the affine form on d u as in [1] .
B. ROBUST CONTROLLER DESIGN
In this section, model uncertainties, system parameter uncertainties and external disturbances are addressed. Those factors are introduced in (23). Then we start the robust design from (21) . To present the control scheme clearly, the following virtual controls are defined
Then we havė
For the robust controller design, d u , d ω , d q are unknown functions which could be approximated by adaptive Radial Basis Function (RBF) NN where W * i (i = 1, 2, 3) are adaptive weights of NN and ψ i (i = 1, 2, 3) denote the RBF. Considering the arbitrary approximation property of NN and assuming that the external disturbances are bounded, we have
where ε i (i = 1, 2, 3) denote the NN approximation errors. Define a candidate Lyapunov function as
The virtual controls are defined as 1, 2, 3 ), respectively.
Adaptive laws for the δ i (i = 1, 2, 3) are defined as
Adaptive laws for the weights of NN are defined as 1, 2, 3 ). Substitute (37)(38)(39) into (36)
In (33), system parameter uncertainties are included in (34) is expanded to obtain the real controls and adaptive laws are designed for the system parameters. Considering (3) and substituting (33) into (34), we havė
. The real control inputs are designed as
whereĈ i (i = 1, 2, 3, 4) are parameter estimations for C i (i = 1, 2, 3, 4) andm −1 u for m −1 u . Adaptive laws for the system parameters are defined as
Take derivative of (44) along with (42)(43)
σ iCiĈi +σ 0m
Next, the semi-globally uniformly ultimately bounded of the robust controller is proved. Define a candidate Lyapunov function as
Consider a compact set
Since 2 is a compact set in R 21 , there exist constants
Theṅ
Remark 3: Similar to section A, all error signals of the close-loop system are semi-globally uniformly ultimately bounded. The upper bound of the errors δ * 2 η 2 could be reduced by increasing positive parameters 
IV. SIMULATIONS
This section validates the proposed controllers by simulations on Taipan 2. Hydrodynamic dimensional coefficients listed in [21, Table 1 ]. 
A. DEPTH TRACKING COMPARISON
Simulation comparisons between the Maclaurin-based controller in [12] and the proposed Lyapunov-based controller are presented. The parameters for the Lyapunov-based controller are selected as k 1 = 10, k 2 = 10, k 3 = 10, k 4 = 10, k 5 = 10, k 6 = 10 and the filter parameter is designed as τ = 0.25 according to Remark 1. The vertical reference depth is designed as z R = 5 sin(t). Initial conditions are set to be (q, θ, z) T = (0, −1.37, −2) T for the Maclaurin-based controller and (u, ω, q, θ, x, z) T = (1, 0, 0, −1.37, 0, −2) T for the Lyapunov-based controller, respectively.
As illustrated in [12] , the Maclaurin-based controller improved tracking performance greatly compared with a linear controller when tracking z R = 5 sin(0.3t) because the linear controller ignored the influence of nonlinear sine terms completely. However, when the frequency is improved to be z R = 5 sin(t), the Maclaurin-based controller could not track the reference depth well as presented in Fig.4(a) when the surge velocity is set to be u 0 = 1.5m/s. The proposed Lyapunov-based controller presents preferable depth tracking performance, forcing the tracking error converged to 0 approximately. This is owing to that the surge velocity had great influence on the depth-tracking accuracy for the Maclaurin-based controller.
Then the surge velocity is improved to be u 0 = 5 m/s for the Maclaurin-based controller which is sufficient big for the reference path. Simulation results are presented in Fig.4(b) . It illustrates that the Lyapunov-based controller is more accuracy and faster than the Maclaurin-based controller. The main not keep under the external disturbances, parameter uncertainties and model uncertainties. The thrust input and the fin deflections of the robust controller are presented in Fig.6 . The oscillations of the control inputs occur at the initial stage. This is caused by the fact that the initial weights of NN, the initial values of adaptive parameters and the adaptive estimation of the external disturbances are self-adjusted at the initial stage. In Fig.7 , adaptive estimations of the system parameters, adaptive estimations of the weights of NN and adaptive estimations of the external disturbances are bounded, but not asymptotic to real values. This is sufficient to achieving position tracking.
V. CONCLUSIONS
A novel robust underwater position tracking controller releasing all the constraints on the pitch angle, heave velocity and angular velocity, is developed for a nonlinear coupled input system of an AUV. RBFNN and parameter estimation are employed to estimate the lump disturbances. Compared with previous literatures, our designed control scheme could address all the problems including model uncertainties, system parameters uncertainties, external disturbances and solves the problem of adaptive estimation of the system parameters under coupled input condition. The design ideas of the control scheme especially the adaptive estimation method for the system parameters could also be used for other similar systems. Path planning should be further researched to generate an underwater reference path achieving water exit process for TMAUV. 
